LINE1s occupy 17% of the human genome and are its only active autonomous mobile DNA. L1s are also responsible for genomic insertion of processed pseudogenes and >1 million non-autonomous retrotransposons (Alus and SVAs). These elements have significant effects on gene organization and expression. Despite the importance of retrotransposons for genome evolution, much about their biology remains unknown, including cellular factors involved in the complex processes of retrotransposition and forming and transporting L1 ribonucleoprotein particles. By co-immunoprecipitation of tagged L1 constructs and mass spectrometry, we identified proteins associated with the L1 ORF1 protein and its ribonucleoprotein. These include RNA transport proteins, gene expression regulators, post-translational modifiers, helicases and splicing factors. Many cellular proteins colocalize with L1 ORF1 protein in cytoplasmic granules. We also assayed the effects of these proteins on cell culture retrotransposition and found strong inhibiting proteins, including some that control HIV and other retroviruses. These data suggest candidate cofactors that interact with the L1 to modulate its activity and increase our understanding of the means by which the cell coexists with these genomic 'parasites'.
INTRODUCTION
A recent study proposes that over two-thirds of the human genome are repetitive DNA, and that most of this derives from transposable elements (1) . Long INterspersed Element-1s (LINE1s) are the major class of retrotransposons, and they move in a 'copy and paste' manner involving reverse transcription of an RNA intermediate and insertion of its cDNA copy at a new chromosomal location. RNA of the element and its associated proteins are transported into the nucleus where it is believed reverse transcription and integration occurs in a single step on the DNA itself by a process known as targetprimed reverse transcription. In this model, elementencoded endonuclease nicks the bottom strand of target DNA to expose a 3 0 -hydoxyl that primes reverse transcription of the L1 RNA template. Second-strand cDNA synthesis follows and the integrant is resolved in a manner poorly understood (2) . Short target site duplications flank the element at the insertion site.
LINE1 (L1) retrotransposons, the only remaining active autonomous mobile DNA in humans, underwent a massive mammalian expansion, and $500 000 copies occupy at least 17% of our genome. L1-encoded proteins have also been responsible for the genomic insertion in trans of thousands of processed pseudogenes, and >1 million Alu and 3000 SINE-VNTR-Alu (SVA) nonautonomous retrotransposons (3) (4) (5) . Most L1s are dead molecular fossils, truncated, rearranged or mutated. However, at least 100 remain potentially active in any human individual (6, 7) . Up to 5% of newborn children are estimated to have a new retrotransposon insertion, and to date, there are 97 known human disease-causing germ line insertions of L1s, Alus and SVAs (8, 9) . Recent investigations, driven in part by advances in high-throughput sequencing, suggest that rates of retrotransposition may be much higher during early embryogenesis and in certain somatic cell types, such as neuronal progenitor cells, stem cells and some cancers (10) (11) (12) (13) (14) (15) (16) .
Retrotransposons are active participants in reorganizing their resident genomes. Retrotransposition occasionally generates target site deletions, or adds nonretrotransposon DNA to the genome by processes termed 5 0 -and 3 0 -transduction. Recombination between nonhomologous retrotransposons causes deletions, duplications or rearrangements of gene sequence. Ongoing retrotransposition salts genomes with novel splice sites, polyadenylation signals and promoters, and so builds new transcription modules. Transposable elements have also greatly contributed to chromosome architecture and cell evolution [see reviews in (9, 17, 18) ].
The L1 expresses a 6-kb bicistronic RNA that encodes the 40 kDa Open Reading Frame-1 RNA-binding protein (ORF1p) of essential but uncertain function, and a 150 kDa ORF2 protein with endonuclease and reverse transcriptase (RT) activities ( Figure 1A ). Retrotransposition is a complex process involving transcription of the L1, transport of its RNA to the cytoplasm, translation of the bicistronic RNA, formation of a ribonucleoprotein (RNP) particle, its re-import to the nucleus and targetprimed reverse transcription at the integration site.
The complexities of retrotransposition, and the various known mechanisms of transposable element control, predict a complex interaction between L1s and cellular proteins. These proteins and their roles in retrotransposition are poorly understood. A few transcription factors that interact with L1s have been identified (19) (20) (21) (22) (23) . Non-homologous end-joining repair proteins, such as XRCC1, Ku70 and DNA-PK, have been implicated in resolution of the L1 integrate at the time of insertion (24) (25) (26) . Yeast two hybrid, affinity purification and shRNA screening studies have identified a few proteins that interact with the L1 and affect retrotransposition, including HNRNPL, NCL, MOV10 and PABPC1 (23, (27) (28) (29) . In addition, the cell has evolved a number of proteins that stand against unrestricted retrotransposition, including the APOBEC3 family of cytosine deaminases, adenosine deaminase ADAR1, chromatin-remodeling factors and members of the piRNA pathway for post-transcription gene silencing that functions in the male germ line [reviewed in (30) (31) (32) ].
The L1 RNP complex is the fundamental unit of retrotransposition. Ultra-centrifugation, immunofluorescence (IF), immunoprecipitation (IP) and cell culture assays indicate that the basal L1 RNP comprises ORF1p and ORF2p preferentially bound to their own encoding L1 RNA (33) (34) (35) . Cellular factors modulating retrotransposition are likely associated with the basal RNP. We, therefore, predicted that valuable information might be gleaned about the many steps of retrotransposition by identifying cellular macromolecules that interact with the L1 RNP and affect its efficiency of retrotransposition. We epitope-tagged ORF1p in an L1 construct and, following its IP from human cells, identified associated proteins by mass spectrometry (MS). Preliminary examination of these results identified MOV10 helicase as interacting with the L1 complex to inhibit its retrotransposition (29) . We now present a detailed investigation of the protein interactome of ORF1p and its L1 RNP complex. Association of many of these proteins with the L1/ORF1p RNP was confirmed by direct co-IP and subcellular co-localization in cytoplasmic granules. When overexpressed, many of these proteins significantly reduce retrotransposition in cell culture. Our results will guide future investigations of the L1 life cycle, from transcription to reinsertion in the genome, and of strategies the cell has evolved to coexist with these genomic mutagens.
MATERIALS AND METHODS

Cloning of plasmid constructs
To generate pc-L1-1FH, we introduced by Kunkel mutagenesis (36) tandem FseI-PacI-SgrAI restriction enzyme sites to replace the stop codon of ORF1 of L1 RP (37) cloned in the modified pBS KS-vector jCC5-RPS. A double FLAG-Hemagluttinin (HA)-tag was extracted by polymerase chain reaction (PCR) from plasmid pOZ-FH-N [gift of Y. Nakatani, Harvard (38) ] and cloned between the FseI and SgrAI sites. The tagged L1 was then inserted into the vector pcDNA6 myc/his B (Invitrogen) between the NotI and SacII sites.
pCEP-EGFP, pc-L1-RP, ORF1-GFP-L1-RP, FLAGtagged FL-CDSA (DBPA) and RFP-tagged HNRNPA1 have been described (27, 34) . The 6myc-p72 (full-length DDX17 isoform 1), mouse pUB-GFP-ZBP1 (GFPmIGF2BP1) and pcDNA 3.1/V5-His CycT1 (CCNT) were gifts from R. Janknecht [University of Oklahoma; (39) 
Immunoprecipitation
For MS sequence determination, HEK293T cells were transfected in T75 flasks with 15 mg of pc-L1-1FH or pcDNA6 myc/his B empty vector and expanded for 44 h. For each IP reaction, $3 Â 10 7 cells were harvested with phosphate-buffered saline (PBS)/2 mM ethylenediaminetetraacetic acid and pelleted, and 2.0 ml of cytoplasmic extracts was prepared with NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce) according to the manufacturer's protocol, with the exception that the recommended detergent concentration was reduced by half (0.25% NP40). Nuclear pellets were washed three times with Dulbecco's phosphate-buffered saline (DPBS; Invitrogen), lysed in 900 ml of nuclear extraction reagent and final nuclear extracts were diluted 1.5 times with DPBS. Buffers were supplemented with protease inhibitor cocktail, phosphatase inhibitor cocktails II and III, vanadyl ribonucleoside complexes, phenylmethylsulfonyl fluoride (Sigma) and RNasin (Promega). Extracts were incubated with 60 ml of anti-FLAG M2 affinity gel (Sigma) with rotation for 3 h, washed 5Â (5 min each) with buffer A [160 mM NaCl/50 mM Tris-HCl (pH 7.5)/ 1 mM ethylenediaminetetraacetic acid/0.2% NP40], and eluted with 150 mg/ml FLAG peptide (Sigma). Eluates (90 ml per sample) were recovered with Costar Spin-X Centrifuge Tube Filters (Corning) and mixed with 3Â A purification factor table for immunoprecipitation of FLAG-tagged ORF1p expressed from pc-L1-1FH is shown in Supplementary Table S3 . Total protein concentrations were determined by bicinchoninic acid protein assay. A standard curve was calculated from dilutions of bovine serum albumin. ORF1p purification was assessed by ImageJ software (NIH) analysis of band intensities on western blots.
For each co-immunoprecipitation of Figure 3A , extracts from 3.5 Â 10 6 293T cells transfected with L1 and test protein constructs in T75 flasks were prepared in 370 ml of buffer A supplemented as aforementioned. Lysates containing test proteins of predominantly nuclear localization were sonicated. Reactions transfected with pc-L1-1FH were immunoprecipitated with 30 ml of anti-FLAG M2 affinity gel and eluted as aforementioned. RNase inhibitors were omitted from samples treated with 15 mg/ml DNase-free RNase (Roche). To detect their interaction with endogenous ORF1p, V5-tagged proteins were transfected in 7 Â 10 6 2102Ep embryonal carcinoma cells ( Figure 3B) , immunoprecipitated on Protein G Agarose/Salmon Sperm DNA (Upstate) and eluted in SDS loading buffer with heating at 95 C, followed by addition of b-mercaptoethanol.
MS sequencing and database analyses
MS sequencing was performed by the Johns Hopkins Mass Spectrometry and Proteomics Facility. Proteins in solution were reduced and alkylated with iodacetamide and proteolyzed with sequencing grade modified porcine trypsin (Promega). Proteins in gel bands were proteolyzed with trypsin as previously described (41) . Protein identification by liquid chromatography tandem mass spectrometry (LCMS/MS) was performed using LTQ ion trap MS (Thermo Fisher Scientific) interfaced with a 2D nanoLC system (Eksigent). Peptides were fractionated by reversephase high-performance liquid chromatography on a 75 mm Â 100 mm C18 column with a 10 mm emitter using a 0-60% acetonitrile/0.1% formic acid gradient >90 min at 300 nl/min. Peptide sequences were identified using Proteome Discoverer and Mascot software (Matrix Science) to search the NCBInr 167 database, with oxidation on methionine and carbamidomethylation on cysteine as variable modifications. Mascot search result *.dat files were processed in Scaffold (Proteome Software, Inc.) to validate protein and peptide identifications. A protein required !90% probability for peptide annotation and the identification of at least two unique peptides to be included in this study. Any protein also detected in the empty vector reaction was discarded as a false positive. Core ribosomal proteins and suspected contaminant proteins (including keratins, annexin A1, plakoglobin, desmoplakin, peroxiredoxin2 and methylosome subunit plCln) detected in pre-run or post-run bovine serum albumin controls were also omitted from analyses.
Additional 
Yeast two-hybrid analyses
The Cytotrap system (Stratagene) screen of a human testis cDNA library has been described (27) . A human HeLa cDNA library (HL4000AA) was also screened in yeast strain Y187 using the GAL4 Matchmaker Two Hybrid System II according to the manufacturer's protocols (Clontech). As baits, full-length L1 ORF1 and the N-terminal 717 nucleotides of ORF2 (EN domain) were cloned in the vector pAS2-1.
Cell culture and retrotransposition assays
Human 2102Ep embryonal carcinoma cells (a gift from P. K. Andrews, University of Sheffield), HeLa-HA cells (a gift from J. Moran, University of Michigan) and HEK293T cells (ATCC) were grown in Dulbecco's modified Eagle's medium with 10% FBS (Hyclone), GlutaMax and Pen-Strep (Invitrogen). All transfections used FuGENE HD reagent (Promega).
The EGFP (enhanced green fluorescent protein) cell culture L1 retrotransposition assay was conducted as previously described (45) . Briefly, 2.5 Â 10 5 293T cells/well were seeded in 6-well plates. The following day, 1.0 mg of 99-PUR-RPS-EGFP, a plasmid containing L1 RP and EGFP retrotransposition reporter cassette, was co-transfected together with 0.5 mg of empty vector (pcDNA3, Invitrogen) or test plasmid (four replicate wells each). Five days post-transfection, cells having a retrotransposition event, and hence expressing EGFP, were 4) . (E) ORF2p reverse transcriptase activity detected in both nuclear and cytoplasmic IP reactions containing pc-L1-1FH (lanes 3 and 5), but not in reactions with the empty vector (lanes 2 and 4). RT-control: the RT incubation step was omitted and 2 ml of pc-L1-1FH immunoprecipitate was added directly to the PCR reaction. No PCR product was detected (lanes 1 and 6). The assay is described in Kulpa and Moran (51) . (F) L1 RNA detected by RT-PCR (lanes 3 and 5). RT-: RT enzyme was omitted from the cDNA synthesis step using pc-L1-1FH immunoprecipitates (lanes 1 and 6) . (G) FLAG-HA-tagged ORF2p is detected in nuclear and cytoplasmic extracts after IP of pc-L1-2FH. (H) The purity of nuclear and cytoplasmic whole-cell lysate fractions is shown by western blotting. a-HDAC1 is a strictly nuclear protein (54) and a-MEK1/2 is cytoplasmic (55) . (I) Immunoprecipitated samples resolved on silver-stained polyacrylamide gels. To support protein identification data from complex IP samples, selected prominent band regions were excised for additional MS sequencing. Both cytoplasmic (left) and nuclear (right) IP fractions are shown.
assayed by flow cytometry. Gating exclusions were based on background fluorescence of plasmid 99-PUR-JM111-EGFP, which has a double-point mutation in ORF1 that abolishes retrotransposition (46) . Within each experiment, results were normalized to fluorescence of 99-PUR-RPS-EGFP co-transfected with pcDNA3 empty vector.
To control for any differences in transfection efficiencies of test proteins or off-target effects on EGFP reporter expression, we followed the strategy of Wei et al. (47) . Each test plasmid (0.5 mg) was co-transfected in quadruplicate wells of 12-well plates with pCEP-EGFP (0.5 mg), a construct that constitutively expresses EGFP from a cytomegalovirus (CMV) promoter. Four days posttransfection, EGFP fluorescence was determined by flow cytometry. These results were then used to correct retrotransposition rates (by dividing each retrotransposition reading by the average of four replicate pCEP-EGFP readings for the corresponding test protein; Figure 6B ).
To determine potential cell toxicity because of transfection of test proteins, 15,000 293T cells were seeded in 75 ml of Dulbecco's modified Eagle's complete medium in 96-well plates. The next day, transfection reactions prepared with 100 ng of test plasmid, 0.3 ml of Fugene HD and 25 ml of Opti-MEM Reduced Serum Medium (Invitrogen) were added to each well. After 3 days, a MultiTox-Fluor Multiplex Cytotoxicity Assay kit (Promega) was used to assay cell toxicity. This assay simultaneously measures cell viability and cytotoxicity in a single-reagent reaction, permitting ratios of live to dead cell readings to be calculated.
Immunofluorescence and Western blotting
Immunofluorescence techniques have been described previously (27) . Purified AH40.1 polyclonal antibody against ORF1 protein was a gift from T. Fanning (Armed Forces Institute of Pathology, MD, USA) and M. Singer (Carnegie Institution of Washington) (48) . Polyclonal affinity-purified antibody a-ORF2-N (154-167) was described (27) . Other antibodies included ms a-FLAGtag (Sigma), ms a-V5-tag (Invitrogen), ms a-Myc-tag (Invitrogen), ms a-fibrillarin (38F3; Santa Cruz), rb a-HEXIMI [a gift from J. Yik, Berkeley; (49)], gt a-LARP1 (SDIX), ms a-nucleolin/C23 (4E2; Santa Cruz), ms a-nucleophosmin/B23 (Zymed), ms a-PABPC1 (clone 10E10; G. Dreyfuss, University of Pennsylvania), ms a-Ro60 (S. Wolin, Yale University) and rb a-UAP56 [M. Green, University of Massachusetts Medical Center; (50)]. Donkey Cy3-, DyLight 488-or DyLight 549-conjugated and horseradish peroxidase-conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories. Slides were examined with a Nikon A1 confocal laser microscope system, and images were analyzed with the NIS-Elements software platform.
All protein samples were resolved on NuPAGE 4-12% Bis-Tris polyacrylamide gels (Invitrogen) using 3 Â SDS/ b-mercaptoethanol loading buffer. Western blot antibody incubation was in DPBS/0.05% Tween 20/5% dry milk overnight at 4 C. Membranes were washed 3Â for 10 min with DPBS/0.05% Tween 20, exposed to secondary antibody at room temperature for 2 h, and washed again. Detection used SuperSignal West Pico Chemiluminescent Substrate (Pierce) and Hyperfilm ECL (GE Healthcare).
Reverse transcriptase assay and RT-PCR
Reverse transcriptase analysis followed the LEAP protocol of Kulpa and Moran (51) . Two microliters of IP sample was added to each cDNA extension reaction. cDNA PCR amplification used Expand Long Template PCR System (Roche) and 2 ml of the extension reaction. Products were separated on 2% agarose gels and confirmed by sequencing. Primers used in the assay are noted in Supplementary Table S1 .
For RT PCR analyses, RNA from total cell lysates was extracted using the RNA Easy Mini kit (Qiagen).
Immunoprecipitates were used without extraction. Samples were treated with TURBO DNase (Invitrogen), and cDNA was generated using an iScript Select cDNA Synthesis Kit for L1 RNA ( Figure 1 ) or iScript cDNA Synthesis Kit (Bio-Rad) for small RNAs and mRNAs ( Figure 4 ). Standard PCR reactions used the Expand Long Template PCR System (Roche) and primers listed in Supplementary Table S1 .
RESULTS
Tagged L1 constructs successfully immunoprecipitate the basal L1 RNP
Endogenous full-length Short INterspersed Element (SINE) and LINE transcripts are difficult to detect in most cell types, although expression levels increase under some conditions of stress (52) . L1-encoded proteins, especially ORF2p, are also suppressed in most cells (53) . Low expressivity and the confounding presence of numerous retrotransposons within transcribed mRNAs make biochemical study of endogenous L1 elements difficult.
Faced with the difficulties of investigating RNA and proteins encoded by endogenous L1s, we previously developed expression constructs of L1 RP [an L1 highly active in cell culture, (37) ] containing ORF1 fused with T7, TAP or FLAG epitope tags (27, 53) . For the present study, L1 RP with tandem HA-FLAG tag fused to the Cterminus of ORF1 (construct pc-L1-1FH) or ORF2 (pc-L1-2FH) was cloned into a vector that replicates in HEK293T cells ( Figure 1A ). Tagging ORF1 in this manner diminishes (to 30%) but maintains cell culture retrotransposition of L1 RP in an EGFP-based reporter assay (29, 45) .
pc-L1-1FH allows the immunoprecipitation on a-FLAG agarose of basal L1 RNP complexes from cell lysates; untagged ORF1p expressed from an otherwise identical construct (pc-L1-RP) does not bind agarose ( Figure 1B , lanes 5, 6 and 8). After transfection in 293T cells and purification, we detected in cytoplasmic and nuclear immunoprecipitates both ORF1 and ORF2 proteins ( Figures 1C and 1D ), robust ORF2p RT activity ( Figure 1E ) as determined by an in vitro PCRbased assay (51) , and L1 RNA ( Figure 1F ). Western blot analyses of immunoprecipitated tagged ORF1p consistently yielded an expected band of 45 kDa plus minor bands of $90 and 140 kDa ( Figure 1C , lanes 7 and 9), sizes consistent with persistent multimers resistant to SDS loading buffer containing b-mercaptoethanol. ORF1p trimerization has been characterized (56, 57) , and Hohjoh and Singer (58) indicated that ORF1p multimers might form by forces other than disulfide bonds. Multimers of ORF1p explain the detection of ORF1p peptides in excised gel fragments >45 kDa ( Figure 1I ).
Western blot analyses of RNP complexes formed by pc-L1-2FH detected tagged ORF2 protein in large-scale preparations of cytoplasmic and nuclear immunoprecipitates ( Figure 1G ). However, it was not possible using pc-L1-2FH to purify sufficient complexes to reliably analyze their protein composition by MS; therefore, we used pc-L1-1FH to co-IP cellular proteins associated with LINE1.
MS analysis of the L1 RNP reveals a tight network of RNA-binding proteins
We transfected pc-L1-1FH and empty vector in parallel in 293T cells and performed a-FLAG-tag IP from nuclear and cytoplasmic fractions. Western blotting confirmed significant fraction purity ( Figure 1H ). Both complex samples and eight selected band regions excised from preparative gels were analyzed by liquid chromatography tandem MS. Silver-stained electrophoretic gels showed relatively few bands in empty vector lanes compared with those in pc-L1-1FH lanes ( Figure 1I) . Excluding 36 ribosomal proteins (listed in Supplementary Table S2), 96 proteins with two or more predicted peptides and unique to pc-L1-1FH isolates were identified. Forty proteins were identified in the nuclear fraction only, 34 in the cytoplasmic fraction only and 22 in both fractions (Table 1 and  Supplementary Table S2 ). As expected, exogenous ORF1 protein expressed from pc-L1-1FH was predominant in MS analyses of both cytoplasmic and nuclear IP reactions ( Figure 1C and Supplementary Table S2 ). Although ORF2p is clearly visible on Western blots ( Figure 1D ), its peptide sequences were not found among the MS reads.
The list of 96 proteins was used to query the Gene Ontogeny (GO) database (Figure 2A and Supplementary  Table S4 ). A majority of these proteins bind nucleic acids. The L1 ORF1p interactome contains many heterogeneous nuclear ribonucleoproteins (hnRNPs), splicing factors, chaperones, transport and localization proteins, and transcription/translation factors. Querying the STRING database of experimentally confirmed protein-protein interactions returns a tight network of interactions dominated by RNP proteins ( Figure 2B) . cDNAs for 69 of the 96 putative L1-interacting proteins were subcloned from a cDNA library into expression vectors or were obtained as gifts. Most cDNAs-encoded proteins with N-terminal V5-epitope-tags. After their cotransfection in 293T cells, 41 of the 69 proteins tested were found to co-IP specifically with the FLAG-tagged ORF1p L1 RNP ( Figure 3A) . Nine additional proteins bound non-specifically to the affinity agarose. Nine other proteins were expressed at significantly higher levels in the presence of co-transfected pc-L1-1FH compared with the empty vector; therefore, their specific co-IP with the L1 could not reliably be confirmed (marked as '?' in Table 1 ). Predictably, most interactions were RNAdependent and disappeared with RNase treatment ( Figure 3A) .
We next assayed the ability of a subset of the V5-tagged proteins to co-IP endogenous ORF1p from 2102Ep cells, a human embryonal carcinoma line that expresses L1 ORF1p at particularly high levels (48) . After IP on a-V5-bound agarose, overexposure of Western blots showed that many proteins tested (16/21), but not empty vector, obviously co-IPed endogenous ORF1p ( Figure 3B ). Finally, IP of pc-L1-1FH on a-FLAG agarose was also able to pull-down selected endogenous proteins from 293T cells ( Figure 3C) . Collectively, the co-IP data strongly support the MS sequencing results and validate the use of tagged-L1 constructs for discovering cellular proteins that potentially associate with the L1.
Further confirming their association with the L1, a number of the proteins identified in the present study were also detected during yeast two-hybrid cDNA library screens. As previously described (27) , a CytoTrap human testes cDNA library (Stratagene) was queried using ORF1p as bait. This system targets test proteins to the cell membrane for detection. Six of nine proteins previously recovered by the CytoTrap screen were also found by the present study to associate with the L1 (CSDA, DDX21, DDX39A, HNRNPA1, SERBP1 and YBX1). Although recovered from yeast, TLS-FUS, signal recognition particle (SRP)72 and SRSF7 were not detected by L1 IP; however, SRP14 and several other serine/argininerich (SR) splicing factors (SRSF1, SRSF6 and SFRS10) were found [(27); J. Goodier, unpublished data]. We also performed a GAL4 Matchmaker II (Clontech) two-hybrid analysis of a HeLa cell cDNA library using ORF1p or the endonuclease domain (EN) of ORF2p as bait. The GAL4 system queries interactions by targeting proteins to the nucleus. The strongest and most frequently interacting 'hit' was HEXIM1, which was recovered with ORF2p EN. HEXIM1 negatively regulates transcription by sequestering positive transcription elongation factor b (PTEFb), together with 7SK small nuclear (sn) RNA, CDK9, CCNT1 (cyclin T1), LARP7 and MEPCE in an inactive RNP (49, 59) . Notably, HEXIM1, MEPCE, CCNT1 and 7SK RNA were all also recovered with pc-L1-1FH during the present study (Table 1 and Figure 4 ). ORF1p bait mainly bound endogenous ORF1-related clones from the Matchmaker II library (five unique clones from a total of eight). No other hits overlapped with the present study.
Non-L1 RNAs associate with the ORF1p complex
Some proteins detected by our MS sequencing preferentially associate with small RNAs that are overrepresented in the human genome as pseudogene families. For example, SR140, SART1 and SR splicing factors bind small spliceosomal RNAs, U1 to U6: these small nuclear (sn) RNAs all have processed pseudogenes, >60% of which are related to U6 (60, 61) . Autoantigens TROVE2 (Ro60) and SSB (La) form a core complex with hY small cytoplasmic (sc) RNAs, which also comprise pseudogene families (60, 61) . hnRNPK and nucleolin are subunits of TROVE2 particles containing hY1 and hY3 RNAs (62, 63) . TROVE2, SSB and SRP14 also bind RNA of Alu retrotransposons, which comprise 10% of the human genome, and HEXIM1, MEPCE and CCNT1 complex with 7SK snRNA (49, 59) . The human 7SK pseudogene family (64) includes 160 members with obvious short target site duplications, a hallmark of L1-mediated insertion (J. Goodier, unpublished data). We performed conventional RT-PCR to assay for the presence of selected RNA species in tagged-ORF1p RNP immunoprecipitates. L1 RNA and all small RNAs tested were associated with pc-L1-1FH, but were absent or barely detectable in empty vector control samples (Figure 4) . Alu RNA was also detected in RNP samples; however, it is difficult to conclude these represent bona fide Pol III-derived Alu transcripts, as many mRNAs also contain embedded Alus. Some but not all mRNAs tested were detected in the pc-L1-1FH sample, including a-actin and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. Interestingly, humans have 62 and mice 331 GAPDH-associated pseudogenes, one of the largest numbers among all proteins, and a phenomenon linked with high-mRNA expression and recent bursts of mammalian retrotransposition (4,65). 2) . Several protein panels are reproduced from Goodier et al. (29) . GFP-mIGF2BP1 is derived from mouse.
abundant RNA species in cell extracts after cell lysis; therefore, observed interactions may not recapitulate the in vivo state of ORF1p RNP complexes (66) . Furthermore, some small RNAs may be overrepresented as retrogenes simply because of high-RNA copy number. Application to multiple cell lines of recently developed techniques such as PAR-CLIP (67), which combines photo-activatable crosslinking and high-throughput RNA-sequencing, will yield a more comprehensive and quantitative enumeration of the RNA composition of human L1 RNPs.
ORF1p co-localizes in cytoplasmic granules with many RNP-associated proteins
Stress granules (SGs) are cytoplasmic aggregates that contain stalled 48S pre-initiation complexes and are induced by a range of stresses (68) . SGs frequently associate with P-bodies (PBs), another class of cytoplasmic granule rich in factors of RNA decay, including those of the RNA-induced silencing complex (RISC). We previously demonstrated that exogenously expressed ORF1p co-localizes with L1 RNA and ORF2p in SGs [(34), confirmed by (35) ]. Endogenous ORF1p also forms cytoplasmic granules in the absence of external stress applied to the cell (53).
As described earlier in the text, a majority of proteins we tested directly co-IP with the ORF1p-tagged L1 (Figure 3) . We next co-transfected in 293T cells tagged cDNA constructs and ORF1-EGFP-L1-RP, a plasmid containing CMV promoter, ORF1 C-terminally tagged with EGFP, followed by intact downstream L1 sequence (34) . One-third of the tagged proteins tested . The antibody name is followed by the expected protein molecular weight. NCL has an expected weight of 77 kDa, but observed molecular weight of $100 kDa. As previously reported (27) , an antibody against DDX39B [UAP56; (50) ] detects a dominant band of 55 kDa in cytoplasmic lysates, and a smaller isoform of 49 kDa (the expected size for DDX39B) that co-IPs with tagged ORF1p. In total, 12 antibodies were tested; a-PCBP2 (Abnova), a-FBL (Santa Cruz) and a-TOP1 (Spring) failed to detect their endogenous targets in pc-L1-1FH immunoprecipitates. The bottom-most panel shows efficient immunoprecipitation of tagged ORF1p detected by a-FLAG antibody.
(23/69) at least partially co-localized with ORF1p-EGFP in cytoplasmic granules in the absence of any applied stress ( Figure 5A-W) . Panels X and Y show co-localization in granules of ORF1p with endogenous LARP1 and PCBP2. Similarly, we previously reported that endogenous ORF1p co-localizes with endogenous HNRNPA1 and PABPC1 in granules of chemically stressed 2102Ep cells (27) . Several additional proteins we report here as associated with the ORF1p RNP have also been detected in cytoplasmic granules by other studies but not this one, perhaps because of differences in cell type (Supplementary Table S5 ). Indeed, many protein components of SGs and PBs have been identified [reviewed in (68, 69) ]. To the best of our knowledge, seven proteins of Figure 5 have not been previously reported in cytoplasmic granules, including C22orf28, FAM98A, HNRNPAB, IVNS1APB1, PRPF31, RIOK1 and STK38. We also previously reported that both ORF1p and ORF2p enter nuclei and concentrate in nucleoli of a minor percentage of cells. A functional nucleolar localization signal was mapped to the EN domain of ORF2p (34, 53) . These data predict that some nucleolar proteins will associate with those L1 RNPs residing in nucleoli. It is also possible some protein(s) bind L1 RNPs to cause their active transport to nucleoli. We examined the Nucleolar Proteome Database (44) and DAVID analyses and found that 47 of the 96 non-ribosomal proteins that co-IP with the L1 RNP have been reported in nucleoli. These include such canonical nucleolar proteins as nucleolin, fibrillarin and nucleophosmin (Supplementary Table S6 ). Figure 5Z illustrates co-localization of endogenous fibrillarin and ORF1p in nucleoli of 2102Ep cells. High-resolution microscopy suggests that ORF1p and fibrillarin partially partition into different nucleolar compartments (inset). Fibrillarin concentrates in the dense fibrillar compartment (70).
L1 RNP-associated proteins inhibit cell culture retrotransposition
Cellular proteins with roles in retrotransposition, either in its promotion or inhibition, likely associate with the L1 RNP during some stage of its lifecycle. Therefore, we assayed 70 tagged cDNA clones for effect of their overexpression on L1 retrotransposition in a widely used cell culture assay developed in our laboratory (45, 46 ). An EGFP reporter cassette, interrupted by an intron in opposite transcriptional orientation and inserted into the 3 0 -UTR of L1 RP (construct 99-PUR-RPS-EGFP), is expressed only when the L1 transcript is spliced, reverse transcribed, its cDNA inserted in the genome and the EGFP reporter gene expressed from its own promoter. We co-transfected in 293T cells 99-PUR-RPS-EGFP, together with empty vector or tagged cDNA constructs, and 5 days post-transfection assayed for fluorescent (i.e. retrotransposition-positive) cells by flow cytometry ( Figure 6A ).
The duration of the cell culture retrotransposition assay is necessarily long: in 293T cells first retrotransposition events appear after 24 hours, and slowly accumulate over the course of the experiment. Therefore, it is important to determine whether co-expression of proteins have off-target effects that might bias results. Potential effects include cytotoxicity or altered EGFP reporter gene expression caused by ectopic expression of the test protein, or differences in plasmid transfection efficiencies. To reveal any biases, we followed the approach of Wei et al. (47) and, in conjunction with retrotransposition assays, cotransfected pCEP-EGFP, a vector that constitutively expresses EGFP, together with empty vector or tagged test constructs, and after 4 days performed flow cytometry. Twelve constructs reduced or increased expression from pCEP-EGFP by !20%. We, therefore, adjusted the retrotransposition assay results to account for loss/ gain of EGFP expression caused by the test-proteins ( Figure 6B ). We also used the MultiTox-Fluor Multiplex Cytotoxicity Assay kit (Promega) to directly assay cell toxicity caused by expression of the test proteins. This dual-detection assay generates a ratio of live to dead cell readings, so normalizing for cell number. Most test proteins showed little effect on the viability of 293T cells, and cell toxicity cannot generally account for observed decreases in retrotransposition ( Figure 6C ).
Proteins tested inhibited retrotransposition or left it little changed ( Figure 6B ). Fifteen reduced retrotransposition to <25% of wild-type levels. Together these proteins are involved in a range of cellular functions, including RNA splicing modulation, gene expression and RNA transport.
DISCUSSION
Little is known of the cellular proteins involved in LINE1 retrotransposition. Our work is the first to comprehensively identify macromolecules associated with the L1 RNP and to assess effects of their overexpression on cell culture retrotransposition. We report the isolation and analysis of human LINE1 RNP complexes and reveal candidate interacting non-ribosomal proteins. Associations with the L1 immunoprecipitates of many of the detected proteins were confirmed by co-IP and subcellular colocalization.
A significant percentage of the proteins identified may be common to many RNP complexes. For example, 18 of the proteins shown in Table 1 are shared with proteins associated with Ago1 and Ago2 RISC RNP complexes (71) . We predict that some proteins we have identified are integral components of the L1 RNP with roles in retrotransposition function and control. Other proteins may be non-specific binders, or tethered to non-L1 RNAs captured within the RNP. As with any affinity purification, association of certain proteins may be indirect because of their presence in other co-purifying multi-protein complexes that contain only one or two proteins that directly interact with the L1 RNP. Some interactions may be cell-line specific or may not represent what occurs during in vivo development. Moreover, an unknown amount of tagged ORF1p, free in solution and not part of retrotransposition-competent RNPs, will have co-purified with immunoprecipitates. Only ongoing functional analyses of individual members of the L1 interactome will ascertain their relevance to L1 biology.
However, the discovery of numerous interacting proteins suggests that the processes of L1 translation, RNP formation, RNA import and export, and genomic insertion recruit a wide spectrum of cellular cofactors. It is of considerable interest that many of the proteins that co-IP with the L1 also co-localize with ORF1p in cytoplasmic RNA granules. The observation that ORF1p foci form constitutively in the absence of exogenous stress prompted us to suggest that the cell recognizes overexpression of the L1 itself as a stress and targets L1 RNPs to granules where they can be sequestered or shunted to P-bodies for degradation, thereby mitigating mutagenic effects of retrotransposition (27) . The data of Figure 5 describe candidate proteins that may mediate sequestration of L1 RNPs [one possible example being MOV10, which closely co-localizes with exogenous and endogenous ORF1p in cytoplasmic granules and strongly restricts retrotransposition; (29)]. However, a Fluorescence is normalized to pcDNA3 control (table, top row). Readings of 80% are marked below with ' +'. Standard deviation for four replicates is shown (bottom row). These results were then used to adjust the retrotransposition levels of Figure 1A by dividing by the average of the pCEP-EGFP expression readings. P-values were calculated by two-tailed t-test and are indicated above each histogram bar (*P < 0.05, **P < 0.01, ***P < 0.001). The inset table summarizes the number of proteins that fall into each retrotransposition percent range. (C) Results of MultiTox-Fluor Multiplex Cytotoxicity assay (Promega) for potential cell toxicity caused by overexpression of test proteins. Test constructs were transfected in 96-well plates and assayed at 3 days. The histogram shows ratios of live to dead cell readings normalized to empty vector control. direct role for cytoplasmic granules in retrotransposition remains unclear, and studies to date have dealt only with retroviral-like elements. P-body components are in fact important for retrotransposition of Ty1 and Ty3 yeast Long terminal repeat (LTR) retrotransposons (72, 73) . Contrarily, P-body disruption increases retrotransposition of rodent intracisternal A particle (IAP) elements (74) .
The Nucleolar Proteome Database and DAVID reveal that one-half of pc-L1-1FH-associated non-ribosomal proteins can be found in nucleoli (Supplementary Table  S6 ). As with stress granules, a role for nucleoli in L1 retrotransposition is unknown. Both ORF1 and ORF2 proteins have been detected in nucleoli. Many small RNAs that form retropseudogene families spend at least part of their life cycle in nucleoli (53, 75) ; perhaps it is in nucleoli that these small RNAs are captured in L1 RNPs and carried to sites of genome insertion. Interestingly, arthropod non-LTR R1 and R2 retrotransposons have evolved to insert into nucleolar 28S rRNA genes (76) . Nucleolar proteins that associate with the L1 RNP may provide clues to investigate the role of nucleoli in retrotransposition.
Functional categories within our list of L1 RNPassociated proteins erect signposts to further research. For example, enzymes involved in post-translational modification were detected. Little is known of modifications to retrotransposon proteins and their effects on retrotransposition. Phosphorylation of Ty5 integrase regulates its integration into heterochromatin (77). Hohjoh and Singer (58) reported phosphorylation of L1 ORF1p, but they did not identify the modified residue. We detected with the ORF1p RNP one Ser/Thr protein phosphatase, PPM1B and two Ser/Thr kinases: RIOK1, a protein of unknown function, and STK38, a negative regulator of MAP3K1/2 signaling (78).
Several proteins are involved in the chromosome organization. NAT10 acetylates histones and microtubules and may affect telomerase subunit assembly and localization (79) . NUSAP1 is essential for bundling and stabilizing spindle microtubules and may promote their targeting to chromosomes (80) . Multiple isoforms of H1 linker histone also co-IP with ORF1p RNPs and inhibit cell culture retrotransposition when overexpressed (Figures 3 and  6B) . Recently it was shown that inhibition of Drosophila dH1 increases expression of all classes of mobile DNA, including R1 and R2 retrotransposons (81) .
In association with the pc-L1-1FH, we detected RNA and RNP transport proteins, including DDX39A, HNRNPA2B1, HNRNPA1, KPNA2 (importin a1), staufens (STAU1 and STAU2), SRP14, YBX1 and zipcode-binding proteins (IGF2BP1 and IGF2BP2) (Supplementary Table S4 ). Mouse IGF2BP1, for example, has been shown to mediate nuclear export of the TROVE2 (Ro60)/Y3 snRNA complex (40) ; both Ro60 and hY3 RNA were detected with the L1 RNP (Figures 3 and 4) . Staufens are double-stranded RNAbinding proteins required for microtubule-dependent transport of neuronal RNA through dendrites, and may be involved in RNA export from the nucleus (82) . Importin a, in association with importin b, binds proteins at their nuclear localization signals and facilitates RNP transport to the nuclear pore and across the nuclear envelope (83) . And SRP14, as part of the signal recognition particle, targets selected proteins to the endoplasmic reticulum. Binding of SRP 9/14 proteins to RNA of Alu elements [themselves evolved from SRP (7SL) RNA] precedes and is likely necessary for efficient L1-mediated Alu retrotransposition (84, 85) . By studying transport proteins, we may begin to understand how the cell controls movement of L1 RNPs out of the nucleus, into granules, or back into the nucleus to sites of genomic insertion.
We also identified factors involved in alternative mRNA splicing (Supplementary Table S4 ). TRA2B, for example, regulates tissue-specific and alternative splicing and is essential for mouse development (86) . Recently, it was found that HNRNPC, a global suppressor of splicing, binds splice sites within Alu RNAs and competes with splicing factor U2AF65 to prevent aberrant exonization (87) . Several SR proteins, and especially SRSF1, mediate not only constitutive and alternative splicing, but other aspects of mRNA elongation, export, translation and decay (88) . It is not known whether these factors associate directly with L1 RNA or rather with other mRNAs copurifying with the L1 RNP complex. However, although the L1 lacks introns, its mRNA contains numerous, although mostly weakly predicted splice sites, can undergo extensive and complex splicing in cells and produces products that differ significantly in abundance and pattern between different tumor cell lines. It has been proposed that internal splicing of full-length L1 transcripts adds another level of control against retrotransposon insertion (89, 90) .
Phylogenetic analyses suggest that eukaryote non-LTR retrotransposons predate all LTR retrotransposons, which in turn gave rise to retroviruses through the acquisition of an envelope (env) gene (91) (92) (93) (94) . Predictably, some cellular mechanisms of retroviral and retrotransposon inhibition are shared. MOV10 helicase, for example, originally identified as an inhibitor of HIV, strongly restricts L1 retrotransposition in cell culture (29, 95) . APOBEC3 family members, also first known to inhibit some HIV strains by hypermutation of minus-strand DNA, were subsequently found to be potent inhibitors of retrotransposition in cells. Intriguingly, suppression of LI and Alu retrotransposons appears not to be accompanied by APOBEC-induced mutation, but it may involve sequestering retrotransposon RNAs in high-molecular weight complexes, possibly stress granules [reviewed in (31, 96) ]. These multiple modes of activity predict the existence of auxiliary proteins that modulate APOBEC3 function. Our study did not detect APOBECs, probably because they are expressed at low levels in 293T cells (97) . However, 35 proteins are shared between the APOBEC3G and our immunoprecipitated L1 complexes (98) . APOBEC1, which deaminates apolipoprotein B mRNA, also reduces mobility of mouse L1s by a deamination-independent mechanism (99). Interestingly, two APOBEC1-associated proteins were detected in our L1 RNP reactions: (i) Apobec1-binding protein-2 (ABBP-2/HNRPAB), a Class II DnaJ homolog required for efficient apoB mRNA editing (100) and (ii) SYNCRIP (HNRPQ), which inhibits apoB mRNA editing (101) . Perhaps one of these proteins recruits the L1 to APOBEC complexes. Figure 6B shows 19 proteins whose expression reduces cell culture retrotransposition by >60%. In some cases, protein overexpression may disrupt other cellular processes, and only indirectly limit L1 activity. Some retrotransposition effects may be cell line specific. With these caveats in mind, this study presents candidate factors worthy of further investigation for key roles in the biology of retrotransposition. We have shown that RISC pathway-associated helicase MOV10 strongly restricts all active human non-LTR retrotransposons in cells (29) . Dai et al. (23) reported that PolyA-binding protein C1 (PABPC1) is part of the L1 RNP complex, and important for its formation and retrotransposition. Recently Peddigari et al. (28) used affinity capture to show that four proteins, hnRNPL, hnRNPR, SYNCRIP and NCL, specifically bind a cis-acting ORF2 IRES sequence in mouse L1 RNA. Notably, their knockdown of endogenous hnRNPL increased retrotransposition up to 10-fold in the cell culture assay, whereas knockdown of NCL decreased retrotransposition; SYNCRIP and hnRNPR had no effect. All four of these proteins were also identified in our study, and overexpression of human hnRNPL reduced retrotransposition almost 95% in 293T cells (the three other proteins had no effect; Figure 6B ). Such studies justify our approach of cataloguing proteins interacting with the L1 RNP as a way to discover cellular factors involved in modulating retrotransposition.
We performed a literature search to ascertain whether any of the proteins shown in Table 1 also interact with HIV retrovirus. Twenty-one of the 150 top-ranked cellular proteins identified by a proteomics screen as associated with HIV-1 Rev also co-IPed with pc-L1-1FH, including RNA helicases DDX5, DHX9, DDX17 and DDX21. Silencing of DDX17 in HeLa CD4+ cells greatly reduced HIV p24 release and cellular Gag and Env, whereas conversely, silencing DDX5 increased levels of p24 and Gag (102) . A functional genomic screen for host proteins that affect HIV-1 infection duplicates three proteins from our list, CCNT, PURA and SSB (103) . A second genome-scale siRNA screen for cellular factors associated with HIV-1 replication identified only CCT2 (104), whereas a third (105) identified none of our proteins. In addition to MOV10, several proteins that strongly inhibit retrotransposition ( Figure 6 ) also interact with infectious viruses. PURA binds the HIV-1 trans-activation response (TAR) element to activate transcription and interacts with Rev to enhance nuclear export of unspliced viral RNA (106, 107) . YBX1 also binds TAR and Tat protein to increase viral promoter activity (108) . ELAVL1 binds HIV-1 RT and modulates reverse transcription in infected cells (109) . A dominant negative truncation mutant of HNRNPU binds the 3 0 LTR of HIV-1 mRNA and blocks its accumulation in the cytoplasm (110) . Inhibition of HNRNPA1 in T lymphocytes causes an increase of proviral transcription and increased viral production (111) . PCBP2 downregulates vesicular stomatitis virus gene expression and is involved in the interferona response against hepatitis C virus (112). Finally, IVNS1APB, a protein of unknown function, interacts with the influenza A virus NS1 protein (113) . We suggest that by studying factors controlling endogenous retrotransposition, new insights may also emerge into the control of viral infections.
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